Theoretical approach for model parameters calculation is described.
Introduction 1
Geothermal energy systems have been recognized as being among the 2 most efficient and comfortable heating and cooling systems currently avail-3 able by the U.S. Environmental Protection Agency [1], presenting several 4 advantages respect to air source heat pumps [2] . Ground source heat pumps 5 (GSHP) represent one of the common available and profitable geothermal 6 systems, using the ground as a heat source in winter and as a heat sink in 7 summer. Generally, the heat exchange takes place in a ground source heat 8 exchanger (GSHE) and different configurations can be adopted. Among 9 those, one of the most commonly used is the vertical borehole field, consist-
10
ing on a certain number of boreholes drilled in the ground, inside which the 11 heat carrier fluid exchanges heat with the surrounding ground, depending 12 on the operating conditions.
13
Ever since the first GSHPs were installed, lots of research works have 14 been addressed to the analysis and modeling of this kind of installations. cent works are performed in order to investigate the thermodynamic aspects
16
[3, 4], the geometries and the system thermal performance [5, 6, 7, 8, 9] , 17 and involving numerical issues [10, 11, 12 ]. An interesting overall review on 18 these systems with a comparison with other technologies can be found in
19
[13].
20
In this context, obtaining an accurate model for the GSHE has been design software, such as GLHEPRO [18] or EED [19] , and it has been im-42 proved in the last years, for example, generating numerically g-functions for 43 specific GSHE geometries, as in [20] . The temporal superposition method 44 is also at the base of the BHE design procedure presented by Deerman and 45 Kavanaugh [21] and later refined by Kavanaugh and Rafferty [22] which is 46 adopted as standard in the Ashrae Handbook [23] . A useful description of if a high accuracy is desired, the network has to be very fine, increasing the 65 number of temperature nodes, which results in a greater number of differen-66 tial equations that must be solved causing a longer simulation time needed.
67
The borehole thermal resistance is used in the thermal network approach,
68
since it represents the resistance between the pipes and the borehole wall.
69
This resistance can be experimentally obtained, as described in [ 
5
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For the fluid nodes, the advection in vertical direction has been taken 191 into account in the transient energy balance equation (Eqs. 1 and 2).
192
The entire model consists of a system of ordinary differential equations,
193
with five thermal capacitances and six thermal resistances at each z-depth
194
(5C6R-n model, where n is the number of the nodes), which can be solved Considering each grout zone, the thermal capacitances C b1 and C b2 can 208 be calculated as follows:
where S b is the borehole section neglecting the pipes, dz is the node length The thermal resistances between the grout and pipe nodes depend on the 217 overall borehole thermal resistance R BHE (Figure 4a ), usually determined 218 by experimental tests. Generally, it is possible to divide the global borehole the relationship shown in Eq. 8 can be written.
Since the grout nodes are located somewhere in between the pipes and 224 the borehole wall, at a certain diameter D x , the conductive thermal resis-225 tance on equation 8, R c , is divided into two different resistances ( Figure   226 4d), following Eq. 9.
The parameters R b1 and R b2 from the thermal network (Figure 3 ) cor-228 respond to the parameter R b on Eq. 9. On the other hand, the thermal 229 resistance R g of the B2G model is determined adding the resistance between 
13
A c c e p t e d M a n u s c r i p t the grout nodes and the borehole wall R x to the ground thermal resistance 231 R bg (Figure 4d ), as shown in Eq. 10.
The mean convection term R h is calculated assuming a mean value of 233 the convective heat transfer coefficient (h) inside the pipes (Eq. 11):
where (Nu) is the Nusselt number which can be calculated according to the 235 appropriate correlation depending on the flow regime (e.g. [46] ), and D p,i 236 is the internal pipe diameter.
237
For the calculation of the conduction thermal resistance, an equivalent 238 surface has been determined, which represents the pipes surface and allows Eq. 12.
Thus, the conduction thermal resistance for each borehole zone is calcu-244 lated considering the conductive heat transfer in a semi-cylinder (Eqs. 13,
:
where D x is the position of the borehole nodes, with D eq < D 
257
The thermal resistance between the pipe nodes (R pp ) is quite complex 258 to obtain due to the two-dimensional heat transfer phenomena occurring in surface, as shown in Figure 5d :
Ground node

266
The thermal capacitance of the ground, C g , depends essentially on the 
16
A c c e p t e d M a n u s c r i p t on the simulation time considered. For a given penetration depth, it is 271 possible to calculate directly the thermal capacitance, C g , as follows:
On the other hand, assuming that all the ground thermal capacitance is .
Finally, the thermal resistance R g in Eq. 3-5 can be calculated by means
.
3. Model validation 
289
17
A c c e p t e d M a n u s c r i p t I C P I n t e r n a l t a n k E C P Figure 6 : GeoCool schematic diagram with the internal and external circuits.
18
A c c e p t e d M a n u s c r i p t heat exchanger (GSHE). Figure 6 shows the basic scheme of the installation.
293
The reversible GSHP is connected to an external circuit and an internal 
308
The on/off cycling of the heat pump and the external circulation pump 309 results in a characteristic temperature evolution along the day. 
Ground Source Heat Exchanger
328
The GSHE was designed according to the building demand, in order to 329 minimize the impact of the installation on the ground thermal response. 
334
The GSHE consists of 6 vertical boreholes, connected in parallel, and 335 arranged in a 2 x 3 rectangular grid, with a 3 m spacing between boreholes. 
21
A c c e p t e d M a n u s c r i p t measurements.
363
The model has been validated considering two different operating con- 
372
• The equivalent diameter has been calculated using the approximation 373 suggested by Pasquier et al.
[30] (see section 2.1, Eq. 12).
374
• The studied borehole is provided with spacers that ensure a value of are node values and, in this form, they depend on the number of nodes 388 adopted).
389
23
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24
A c c e p t e d M a n u s c r i p t data, a step-test was performed in the installation, on November 2013.
395
The test was carried out with the heat pump configured in cooling mode internal and external circuit mass flow rates are also presented in Figure 8 .
408
Looking at the evolution of the water flow rate at the internal and external 409 circuit, it is possible to know how the test was carried out.
410
• At 7:00 h the internal circulation pump was switched on, according 411 to the schedule of the installation.
412
• At 10:00 h the test started, switching on the external circulation 
419
• At 13:50 h the heat pump was switched on.
420
• At 20:55 h the internal circulation pump and the heat pump were to produce a recovery step until 9:00 h of the next day, which was also 424 useful for the model validation.
425
For model validation purposes, only the test period data are used, i.e. 
Figure 8:
Step-test: water temperatures and flow rates at both sides of the heat pump.
TinIC: internal circuit inlet temperature. ToutIC: internal circuit outlet temperature.
TinEC: external circuit inlet temperature. ToutEC: external circuit outlet temperature.
27
A c c e p t e d M a n u s c r i p t Absolute error between simulated and experimental outlet water temperature profiles.
28
A c c e p t e d M a n u s c r i p t stronger. Therefore, it can be concluded that B2G is able to reproduce the 446 outlet water temperature evolution in the short-term with a high accuracy. 
Typical day performance
464
The model will be now double-validated against experimental data cor- with the experimental results.
471
As in the previous section, the borehole inlet water temperature is em- 
32
A c c e p t e d M a n u s c r i p t evolution once the circulation pump is switched on, so, they must not be 500 considered in the comparison.
501
At the start of the ON periods, from B to C points, the temperature 502 suddenly increases. This is due to the displacement of the water that re- The B2G response for cooling mode (Figure 12 ) presents the same evo-
524
35
A c c e p t e d M a n u s c r i p t Finally, Figure 13 reports the comparison between predicted and exper-528 imental outlet water temperature values for both heating and cooling cases.
529
As it is possible to observe, B2G is able to reproduce correctly the outlet to the one described in this work.
548
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